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Because  of  the  nation's  increasing  demand  for  more  te  le- 
ccm munication  capacity,  there  is  a  continuing  need  for  more 
efficient  ways  of  sharing  the  radio  spectrum.  The  conven¬ 
tional  ways  o f  allocating  the  sDec*-rum  are  by  freguency, 
space  and  time  division.  However,  for  systems  using  new 
technology  -.his  is  inefficient.  Hence,  it  is  desirable  to 
re-examine  alternative  procedures  that  miaht  be  necessary  if 
the  benefits  of  telecommunications  are  to  be  assured  in  the 
face  of  increased  demand.  Spread  spectrum  techniques,  which 
are  hasQd  on  principles  different  than  those  current! v  used 
in  spectrum  allocation,  seem  to  offer  benefits  for  spectrum 
sharing  and  for  seme  applications  superior  to  those  of 
frequency  division.  This  thesis  provides  a  summary  of  th* 
principles  upon  which  scr-ad  spectrum  systems  have  developed 
ana  the  progress  of  frequency  management  involving  spread 
spectrum  systems.  This  analysis  considers  several  strat¬ 
egies  tc  accommodate  spread  spectrum  in  frequency  management 
and  its  rois  in  future  spectrum  sharing  opportunties. 
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I.  introduction 


A.  BACKGROUND 

As  a  result  of  advances  in  communication  theory  an  1 
systems  technology  in  the  last  decade  the  use:  of 

telecommunication  services  has  rapidly  multiplied,  placing 
new  demands  on  the  radio  spectrum.  This  growth  ir.  the  radio 
frequency  spectrum  usage  has  resulted  ir.  congestion,  and  the 
situation  is  qetting  steadily  worse.  Serious  consequences 
await  those  agencies  and  nations  which  do  not  maintain  ?n 
active,  progressive  program  to  protect  their  existing 
ooerations  and  tc  provide  for  accommodation  of  new  planned 
systems.  Competition  for  this  vital  spectrum  resource  has 
already  reached  the  point  where  communications,  navigatio;. 
and  surveillance  systems  in  use  today  are  threatened  uy 
encroachment  from  other  spectrum  users.  In  addition,  any 
plans  tc  introduce  new  systems  will  confront  spectrum 
availability  as  a  formidable  problem. 

Spectrum  demands  have  been  net  traditionally  by  simple 
administrative  techniques  because  technology  has  hept 
increasina  the  amount  of  spectrum  space  available  and 
reducing  necessary  bandwidth.  Recently,  the  growth  of  the 
usable  spectrum  has  slowed  while  the  demand  placed  upon  it 
has  grown  expone  rtially.  This  turn  of  events  has  induced 
soectrum  managers  to  consider  different  approaches  to 
frequency  allocation  and  assignment. 

Therefore,  all  users  must  recognize  the  impossibility  of 
octainir.g  all  the  spectrum  requested  and  the  virtual 
impossibility  of  exclusivity  with,  perhaps,  several 
exceptions  such  as  Tactical  Air  Navigation  (TACAN) . 
Conditions  must  be  developed  for  cooperative  use  which  qoes 
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far  beyond  the  concepts  of  sharing  that  presently  prevails. 
Given  that  a  banc  must  be  used  by  more  than  one  justifiable 
user,  the  problem  is  to  determine  the  specific  criteria 
which  can  be  applied  to  two  or  more  users  or.  mutually 
cooperative  rather  than  a  mutually  exclusive  basis  for  more 
effective  use  of  the  spectrum. 

To  overcome  this  problem  the  concept  of  spread  spectrum 
(SS)  communication  systems  has  been  advocated.  Before  such 
a  measure  may  be  seriously  considered,  extensive  experi¬ 
mental  data  must  be  collected  in  order  to  confirm  th*- 
theoretically  predicted  behavior  of  the  new  system.  The 
experimental  procram  must  include  field  tests  in  real  propa¬ 
gation  and  interference  environments  and  performed  side-by 
side  with  existing  services.  Fending  a  favorable  cr.ccae, 
certain  SS  systeis  may  be  tentatively  assigned  one  or  more 
segments  of  certain  bands. 

One  of  the  important  aspects  in  applying  SS  techniques: 
to  t  eiecommunic  aticr.  is  the  impact  they  will  have  or 
spectrum  management.  Spread  spectrum  systems  differ  fret 
cor. venticnal  systems  in  several  ways  that  may  require  r.ev 
approaches  in  spectrum  management.  They  occupy  much  larger 
radio  frequency  (H  F)  bandwidths,  many  of  them  employ 
frequency  hcppinc  <?H)  and  direct  sequence  (DS)  techniques, 
and,  often,  they  are  designed  to  be  multifunctional.,  Also, 
SS  systems  are  sometimes  operated  in  nets  in  which  each  nei 
may  serve  hundreds  of  users  in  a  relatively  small  geograph¬ 
ical  area.  Sven  in  cases  that  spread  spectrum  could  be 
assigned  to  a  ba  id  on  a  exclusive  basis  (a  highly  improbable 
assumption,  in  view  of  the  present  spectrum  congestion), 
interaction  with  frequency  division  services  would  result  at 
national  and  regional  boundaries  of  such  assignment. 
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PURPOSE 


The  purpose  cf  this  thesis  is  to  provide  an  -ssa-nt 
cf  the  frequency  bands  that  might  be  used  by  spread  spectrum 
systems,  with  explanations  cf  the  constraints  due  to  both 
electromagnetic  compatibility  (EMC)  consider  atior.s  and 
frequency  allocation  regulations.  Also,  this  thesis  will 
provide  administrative  recommendations  regarding  the 
approach  for  accommodating  SS  systems  in  t  frequency 
allocation  structure.  Finally,  it  will  recc  .lend  general 
rules  anc  procedures  required  to  allow  the  utilization  of 
these  systems  while  simultaneously  protecting  authorized 
conventional  systems  to  the  maximum  extent  possible. 

C.  APPROACH 

The  thesis  begins  with  this  brief  introduction  and  then 
divides  Spread  Spectrum  Frequency  Management  into  four  basic 
areas.  Chapter  Two  explores  spectrum  management  allocation 
processes  and  problems.  Chapter  Three  lochs  at  spread 
spectrum  systems  with  emphasis  on  the  different  techniques 
(FH  ana  DS)  ar.d  new  "their  application  affects  spectrum 
management.  Chapter  Four  assesses  the  frequency  bands  that 
spread  spectrum  may  possibly  use  and  their  effects  on 
spectrum  utilization.  Finally,  Chapter  Five  explores 
possible  spectrum  allocation  alternatives  using  spread 
spectrum  systems. 
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II.  SPEC  TRIM  MANAGilEN'r 


A.  BACKGROUND 

The  electromagnetic  spectrum  (or  more  specifically  the 
radio  frequency  spectrum)  represents  a  vi^al  and  intangible 
national  resource.  It  is  a  limited  resource,  since  only  a 
small  pcrticn  of  the  spectrum  can  be  used  i or  any  ciiven 
purpose  within  the  bounds  of  present  technology.  Each  radio 
operation  requires  a  finite  part  of  the  spectrum,  a  channel, 
ir.  the  time  and  geographical  domains.  Unlike  rest  other 
resources,  the  radio  frequency  spectrum  is  not  worn  out 
through  use  or  misuse.  However,  careless  or  inefficient  use 
may  prevent  the  cbtainmer.t  of  maximum  benefits. 

Because  of  the  intense  competition  for  its  use,  the 
introduction  of  both  national  and  international  regulations 
would  achieve  maximum  benefits.  Therefore,  it  is  esse: tial 
that  concerned  agencies  adequately  provide  spectrum  support 
to  ensure  the  protection  and  assignment  of  radio  frequencies 
required  by  various  users. 

Since  World  War  II,  the  use  of  the  available  spectrum 
has  grown  dramatically,  and  the  United  States  is  Jiteraily 
runnina  out  of  space  to  accommodate  future  users  oi  telecom¬ 
munications.  This  problem  is  compounded  by  the  fact  that 
the  spectrum  management  responsibilities  are  fragmented 
among  many  government  and  non-government  agencies,  commit¬ 
tees,  commmiss lens ,  advisory  boards  and  user  groups. 
Because  of  this  fragmentation  no  single  agency  has  total 
administrative,  engineering  and  information  capabilities 
necessary  to  provide  optimum  spectrum  management  on  a 
nationwide  basis. 
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The  spectral  shortaaes  that  exist  ar.a  are  aeveicoing 
are,  tc  a  qreat  degree,  due  to  the  use  of  conservative 
frequency  management  practices  from  the  past  which  were 
based  cn  administrative  convenience.  Traditionally, 

communication  systems  have  used  frequency  as  a  means  to 
separate  one  communications  channel  frctn  another.  Often 
these  decisions  on  the  frequency  to  be  used  for  different 
services  were  based  cr  available  technological  developments, 
and  all  the  asserted  modulation  techniques  which  var=>  made 
without  adequate  overall  knowledge  of  propagation 
characteristics  or  of  ether  important  uses  that  might 
require  frequency  in  a  particular  portion  of  the  spectrum. 

Within  a  qiven  frequency  channel,  high-signal  power  has 
always  been  associated  with  communication  reliability..  As 
the  demand  for  communication  services  increased,  designers 
sought  methods  for  narrowing  transmission  band  widths  to 
accommodate  more  users  within  the  existing  spectrum,  while 
maintaining  high  signal  power  for  communication  reliability. 
This  philosophy  cf  spectrum  usage  is  based  cn  a  particular 
course  cf  development  which  the  radio  art  happened  to  take, 
rather  than  or  any  fundamental  physical  principles. 
However,  reducing  assigned  bandwidth  also  has  obvious 
limitations,  for  the  bandwidth  assigned  cannot  continually 
be  reduced  without  degradi.no  the  quality  of  system 
performance  or  requiring  more  costly  equipment. 

These  practices  are  only  now  beginning  to  be  modified  to 
take  into  account  sound  engineering  principles  that  allow 
better  spectrum  utilization.  Since  past  ar.d  present  deci¬ 
sions  were  made  using  these  conservative  practices  ar.d  were 
implemented  with  large  equipment  and  installation  expendi¬ 
tures,  changes  to  conserve  spectrum  ar.d  alleviate  shortages 
are  therefore  ertremeiy  costly.  If  nothing  is  done  to 
improve  th°se  practices  in  the  near  future  the  presen* 
growth  rate  in  usage  will  most  assuredly  create  a  crisis. 


B.  SPECTRUM  ALLOCATION  PROCESS 

By  internal icnal  agreement,  the  usable  radio  frequency 
spectrum  was  sub-divided  into  a  number  of  discrete  frequency 
bands.  Each  of  these  bands  was,  in  turn,  allocated  to  (an 
appointment  of  specific  parts  of  the  spectrum  to)  one  or 
more  of  the  several  recognized  categories  of  rc dio  services 
such  as  fixed,  mobile  and  broadcast.  This  procedure  of 
frequency  division  was  based  on  the  available  technology 
where  little  was  understood  about  the  effects  of  the 
propagation  characteristics  at  the  different  frequency 
levels.  The  history  of  major  spectrum  allocations  is  then  a 
record  of  decisions  primarily  concerned  with  the  allocation 
of  spectrum  previously  unoccupied  except  for  experimental 
purposes.  The  spectrum  was  allocated  as  it  became  usable 
due  to  advances  ir.  radio  equipment  technology.  These 
technical  changes  and  innovations  occurring  from  time  to 
time  increased  the  amount  of  radio  frequency  spectrum 
required,  and  resulted  in  the  economical  use  cf  spectrum 
because  cf  better  utilization  techniques  developed. 

However,  despite  the  fact  that  spectrum  managers  have 
beer,  able  to  obtain  more  and  more  spectrum  and..  s-multane- 
ously,  better  frequency  utilization  with  improved 
technology,  this  technological  pace  is  still  lagging  behind 
the  demand  for  spectrum  use.  It  has  reached  a  point  where 
spectrum  managers  will  have  to  rely  on  their  background  and 
knowledge  to  administer  the  spectrum  without  totally 
depending  on  technology  to  solve  all  their  problems.  In 
some  cases  the  administrative  route  offers  the  best  hope  for 
improving  this  situation,  but  it  is  also  the  one  which  will 
be  the  most  troublesome  and  the  hardest  to  control.  When 
something  has  been  done  the  same  way  since  the  beginning, 
and  where  there  is  considerable  investment  in  financial 
resources  and  experience,  there  is  going  to  be  heavy 
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resentment  and  determined  resistance  to  any  •  attempt  to 
modify  the  accepted  way  [Ref.  1:  p.  334  ]. 

Thus,  the  electromagnetic  capatibilitv  may  be  looked 
upon  as  a  systemic  problem  containing  several  soiu-ror.s.  37 
subjecting  the  status  quo  to  the  effects  of  bo-h  natural  and 
man-made  environments  and  applying  standardized  analysis 
techniques,  potential  short-range  assignment  solutions  will 
be  determined,  and  possibly  long-range  allocation  changes. 
Finally,  update  the  status  quo  ir.  readiness  for  future 
problems,  and  apply  some  means  of  feedback  to  close  the 
loop.  [Ref.  1:  p.  336]. 

To  achieve  these  goals  it  is  essential  that  advanced 
planning  for  the  changing  environment  ar.d  technology  be 
considered  by  the  spectrum  manager  to  avoid  having  to  deal 
with  these  problems.  Also,  the  propagation  characteristics 
of  electromagnetic  energy  are  such  that  the  planning  for 
allocation  cf  the  radio  frequency  spsc-rum  must  be 
coordinated  at  the  international  as  well  as  the  national 
level.  This  coordination  is  a  length!'/  process  which 
requires  advanced  planning  to  avoid  possible  delays  and 
misunderstandings  of  the  frequency  us  a. 

Effective  utilization  of  the  spectrum  demands  much  more 
than  an  efficient  machinery  for  assigning  frequencies  to 
users  and  keeping  records  of  their  use.  It  requires  a 
continuing  overall  perspective  cn  the  advances  of  technology 
related  to  communications  and  electronics;  constant  aware¬ 
ness  of  the  development  of  new  needs  and  possibilities  for 
the  use  of  radio  systems  to  aid  the  national  security,  the 
economy  and  the  society;  and  a  responsibility  to  view  the 
needs  and  problens  of  society  as  a  whole. 
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C.  NATURE  CP  THE  PROBLEM 


Electromagnetic  compatibility  (E.'IC)  is  a  two  way  street. 
The  users  of  the  electromagnetic  sr.7iror.ment  must  share  the 
same  resource  anc  get  along  with  each  other.  This  was  net  a 
problem  in  the  past  when  frequencies  w  =  re  pientnfui  ar.d  even 
exclusive  use  of  frequencies  was  commonplace.  The  spectrum 
is  now  more  crowded  and  performance  thresholds  are  iik«ly  to 
be  determined  by  the  level  of  interfering  signals,  ra*her 
than  by  ambient  noise.  As  a  matter  of  fac^,  it  is  only  when 
operational  service  ranges  reach  the  limitations  imposed  by 
marginal  interference,  rather  than  noise,  that  the  spectrum 
is  considered  to  be  used  to  full  capacity  [Ref.  2:  p.  17]. 

This  does  net  imply  that  the  spectrum  is  necessarily 
being  used  efficiently  under  marginal  interference 
conditions.  It  does  mean  that  with  the  equipment  in  use  and 
under  the  conditions  of  their  use,  interior er.ee  defines  the 
limit  or.  the  amount  of  service  which  can  be  -.cccmmcdatsd. 
Thus,  if  we  are  to  learn  hew  to  use  i.ha  spectrum 
efficiently,  we  must  learn  to  study  and  predict  interference 
conditions  accurately  enough  to  determine  when  interference 
becomes  an  unacceptable  threat. 

1 .  Trends  of  Spectrum  Ma r.a. gamer. t 

Exclusive  frequencies  and  block  frequency  allotments 
to  user  groups  are  luxuries  spectrum  managers  can  no  longer 
afford  [Bef.  2:  p.  18].  However,  the  alternatives  require 
the  support  of  studies  and  models  in  more  detail  and  with 
higher  engineering  precision  than  can  be  accomplished  with 
the  staffs,  records  and  technical  capabilities  now  avail¬ 
able. 

The  density  of  planned  use  of  th°  spectrum  in  our 
dynamic  and  complex  environment  has  forced  multiple  reuse  of 
each  frequency  and  has  resulted  in  frequency  assignments 
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which  admit  tc 

some 

potential  form 

of 

interference  outside 

acceptable  limit 

s. 

As  the  use  of 

t  h  e 

spectrum  has  become 

more  dense,  the 

reed 

for  more  effici 

r  n  • 

methods  of  using  the 

spectrum#  based  upon  the  same  kind  of  controlled  marginal 
compatibility ,  has  become  evident. 

Thr^e  primary  factors  determine  the  degree  of 
compatibility  ir.  our  electromagnetic  environment :  the 

space,  freguency  and  time  density  of  spectrum  use,  the 
characteristics  of  the  equipment  in  use,  and  the 
distribution  of  the  available  frequency  resource  among  the 
users  [  Sef .  2:  p.  17].  Any  program  that  is  designed  to 
control  EMC  must  be  able  to  understand  and  control  these 
three  factors. 

The  resource  we  are  interested  ir.  managing  has  the 
strange  characteristic  of  being  equally  available  every¬ 
where,  but  subject  to  contamination  at  the  point  of  use. 
The  resource  is  only  usable  at  any  one  place  to  the  degree 
that  the  resource  is  not  contaminated  c:  ,  if  it  is 
con tamirate^ ,  to  the  decree  that  the  user  can  penetrate  the 
contamination  ara  still  satisfy  his  requirements.  The 
complex  pattern  of  spectrum  users  creates  e.n  environment 
within  which  each  user  must  live  anc  function.  If  a 
spectrum  manager  is  assigned  the  responsibility  of  improving 
the  utility  of  the  electromagnetic  spectrum,  he  must  first 
understand  the  existing  environment  and  then  manipulate  t h •=■ 
future  environment  ir.  such  a  manner  as  to  improve  spectrum 
usefulness. 

2.  Spectrum  Management  Problems 

The  present  spectrum  management  system  does  not  have 
the  authority  tc  manipulate  these  factors,  sxcept  within 
rigidly  limited  freguency  bands,  and  therefore  cannot  opti¬ 
mize  spectrum  utility.  Further,  existing  agencies  are  nof 
likely  to  get  the  reguired  authority  unless  they  have  the 
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means  at  hand  *o  guarantee  acceptable  service  levels  *o 
users  already  committed  to  spectrum  occupancy,  while  at  th° 
same  time  assuring  reliable  service  to  new  users.  This  can 
be  accomplished  only  through  the  use  of  analytical  means 
which  have  a  degree  of  credibility  acceptable  to  both  the 
spectrum  users  and  the  lawmakers  who  must  protect  each 
user's  commitment  to  spectrum  use  and  who,  in  addition, 
would  have  to  sanction  any  basr.c  change  in  the 
administration  and  management  of  the  spectrum.  Each 

proposed  method  fcr  spectrum  assignment  must  be  developed, 
tested,  measured,  and  proved  to  tha  satisfaction  of  ail 
parties  before  it  can  achieve  acceptance. 

Additionally,  international  allocation  provisions 
usually  lag  national  allocations  and  experimentation.  It  is 
difficult  to  demonstrate,  in  advance  of  proof  of  need,  that 
a  new  radio  service  or  technique  will  be  successful  and  to 
persuade  a  majority  of  the  International  Telecommunication 
Onion  (ITU)  member  countries  to  agree  to  the  changes. 

Especially  when  this  may  require  them  tc  adjust  existing 
operations  at  considerable  expense,  particularly  when  they 
are  not  in  a  position  to  play  a  significant  role  in  the  new 
technique. 

D.  FUTURE  ALLOCATION  PROCESS 

Because  the  spectrum  is  a  completely  and  instantly 
renewable  resource,  using  it  doesn't  use  it  up.  Since 
today's  spectrum  cannot  be  saved  for  tomorrow,  restricting 
use  for  the  sole  sake  of  conservation  has  no  intrinsic 
benefit.  The  purpose  and  only  benefit  of  spectrum 

conservation  is  to  create  rccm  for  additional  services  now 

or  in  ■'•he  future.  As  time  passes  additional  services  will 
require  spectrum.  To  make  room  for  these  services,  systems 
that  new  use  a  let  of  spectrum  should  be  replaced  with 
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improved  technology  when  spectrum  becomes  crowded.  Clearly, 
sufficient  warning  should  be  given  before  this  r^olac^mer.t 
is  required,  so  that  investors  car.  nake  proper  decisions. 
Ir.  this  regard,  the  spectrum  management  procedure  should 
review  the  alternative  of  installing  more  expensive  systems 
using  less  spectrum  now  in  comparison  with  the  alternative 
cf  incurring  a  changeover  cost  in  the  future.  The  latter 
compares  favorably  with  the  former  in  proportion  tc  the  *iine 
spar,  between  the  initial  system  installation  and  the  tim* 
when  the  saved  spectrum  actually  becomes  needed.  The  review 
should  recognize  that  what  is  being  studied  are  two  ways  of 
conserving  spectrum  for  a  specified  future  need.  There 
seems  to  be  no  intrinsic  advantage  to  conserving  spectrum 
before  the  time  when  it  is  needed. 

3ecause  predicting  the  growth  rate  cf  technology  is 
difficult,  deter ninir.g  how  much  spectrum  should  be  saved  now 
for  services  in  the  immediate  future  :?  obviously  a  problem, 
when  too  little  is  saved  now,  there  i  :>  inadequate  room  for  a 
paced  expansion  cf  services  and  undesirably  hasty  spectrum¬ 
saving  measures  should  be  taker,  by  existing  systems  if 
worthwhile  services  are  not  to  be  denied  spectrum  space. 
When  too  much  spectrum  is  saved  now.  the  excess  saved  is 
wasted  because  i4:  is  not  being  used.  If  perfectly  accurate 
predictions  of  the  future  could  be  made,.  SDectrum  policy 
could  strike  a  balance  so  that  the  costs  of  these  two  policy 
extremes  would  always  be  avoided. 

To  allocate  the  radio  spectrum  mafr.ly  on  the  basis  of  a 
national  Table  of  Frequency  Allocations  is  inadequate  to  the 
complex  interle  avina  of  data  technologies  that  is  now 
possible.  What  is  needed  is  a  more  flexible  spectrum 
manaaemer.t  techniques  in  which  the  allocations  of  blocks  of 
frequencies,  time  and  space  are  tailored  to  particular 
sit  uatior.s. 
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Much  cf  today's  equipment  and  many  of  today's  oo^r atinc 
practices  result  ir.  severe  snec'-rum  wastage.  Spec-run 
management  techniques  can  tighten  the  efficiency  of  spectrum 
usage  with  all  methods  that,  prove  economical.  First f  future 
spectrum  management  should  be  evolutionary.  Changes  in  the 
system  should  be  well  thought  out  ar.d  amply  prepared  or  the 
continued  cooperation  of  those  concerned  will  simply  not  be 
possible.  Also,  recovery  of  capital  investment  in  equipment 
should  be  considered  in  planning  for  changes.  But  none  of 
this  means  that  evolution  should  continue  at  the  snail's 
pace  of  the  past.  Second,  spectrum  management  thinking 
should  continue  to  move  away  from  the  concept  of  controlling 
spectrum  usage  throuoh  simple  but  rather  restrictive  ar.d 
rigid  administrative  rules.  The  movement  should  be  ir.  the 
direction  of  increasing  individualized  technical  assessment 
of  applications  under  explictly  formulated  priority 
criteria,  ar.d  under  a  more  flexible  employment  of  block 
allocation  concepts.  This  will  require  much  heavier  use  of 
analytical  and  data  processing  cap.abil ities  in  the  nation's 
spectrum  management  than  at  present.  But  it  could  result  ir. 
stronger  sDectrua  management  capable  of  supporting  the  more 
flexible  and  effective  management  needed  if  fuller  spectrum 
utilization  is  t c  be  achieved. 

Finally,  spectrum  management  should  require  of  the 
frequency  manager  a  much  more  extensive  understanding  cf 
telecommunications,  basic  technology  and  technological 
trends  than  has  been  required  in  t-ne  past  when  making 
frequency  alloc  at  ior.s/a  ssi  gr.me  nts.  This  knowledge-  is 

required  not  only  to  assess  tylS  priority  of  requirements  but 
also  to  be  able  to  predict  impending  requirements. 

Thus,  the  spectrum  manager  should  to  be  fully  cognizant 
of  the  available  technology  and  of  the  plans  and  investments 
cf  +he  various  services  in  order  to  make  logical  fr°guer.cy 
allocations/  assignments  and  ensure  optimum  use  of  the 
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spectrum.  If  spectrum  management,  is  to  be  errective, 
frequency  managers  should  immediately  begin  to  prepare 
themselves  to  meet  this  challenge. 
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III.  SPREAD  SPECTRUM  SYSTEMS 


A.  INTRODUCTION 

With  the  growing  number  3f  users  crowding  the  r?.dio 
spectrum  ana  with  conventional  modulation  bar.dwidths  being 
squeezed  to  fewer  Hertz  per  channel,  any  technological 
scheme  that  enables  more  room  in  the  spectrum  ought  to  be 
investigated.  Recently,  a  technique  known  as  spread  spec¬ 
trum  has  beer.  growing  rapidly  in  popularity  and 
practicality.  Ihis  system  has  been  around  since  the  155)'= 
but  i1-  has  been  only  recently  that,  technology  has  made  th* 
system  operational  and  cost  effective. 

Spread  soectrum  communications  is  an  area  where  tech¬ 
nology  is  cut -distancing  the  radio  regulations.  The  radio 
regulations  admonish  us  to  use  the  minimum  bandwidth 
possible  as  a  means  cf  improving  spectrum  efficiency. 
However,  r.c  matter  how  logical  *his  may  seem,  such  a 
regular icn  may  actually  prevent  us  from  implementing 
solutions  to  present  spectrum  crowding  problems. 

The  rumerous  development  programs  sponsored  by  the  mili¬ 
tary  have  produced  a  wide  variety  of  SS  techniques  and 
designs.  Two  of  the  techniques  to  be  discussed  are  direct 
sequence  and  frequency  hopping.  Although  extensive  advance¬ 
ments  have  been  made  in  technology,  there  are  still  many 
unknowns  in  reqard  to  the  application  cf  the  techniques  to 
military  operations  and  the  establishment  of  frequency 
allccaticn/  assignment  policies  and  regulations.  Within  the 
military,  study  efforts  on  spread  spectrum  modulation 
techniques  have  already  begun.  However,  analyses  are 
required  before  the  regulatory  aspects  of  the  techniques  can 
be  addressed.  Therefore,  the  first  step  to  introduce  S3 
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techniques  is  to  define  what  actually  is  meant 
’’spread  spectrum". 

Spread  spectruc  is  a  means  of  trar. sm iss icn  in  which  the 
signal  occupies  a  bandwidth  in  excess  of  *he  minimum 
necessarv  to  send  information;  the  band  spread  is 
accomplished  by  means  of  a  code  waich  is  independent  of 
the  data  and  a  synchronized  reception  with  tr.e  code  at 
the  receiver  is  used  f or  despreading  and  subsecuent  data 
recovery  [Ref.  3;  p.  855  ]. 

Under  this  definition  the  basic  signal  characteristics 
of  modern  spread  spectrun  systems  are  as  follows: 

1.  The  carrier  is  a  nearly  unpredictable,  or  pseudo¬ 
random,  wide  band  signal. 

2.  The  bandwidth  of  the  carrier  is  much  wider  than  the 
bandwidth  of  the  data  modulation. 

3.  Reception  is  accomplished  by  cress  correlation  of  the 
received  wile-band  signal  with  a  synchronously 
generated  replica  of  the  wide- band  carrier. 

This  is  only  the  first  of  many  steps  in  *he  long  process  of 
establishing  the  usefulness  of  spread  spectrum  modulation 
techniques. 

While  spread  spectrum  me*  ho  css  and  systems  are  important 
technological  improvements ,  they  should  net  resui-  in 
regulation  sine  a  neither  the  ITU  nor  any  other  agency  is 
ready  tc  discuss  th^  subject  to  the  extend  necessary  for 
regulatory  action.  Moreover,  at  this  point,  the  spreading 
schemes  appear  infinite  in  number  while  testing  experience 
is  minimal.  Thus,  considerable  effort  must  be  ^xperdod  tc 
evaluate  such  adulation  techniques.  Regardless,  spread 
spectrum  methods  offer  much  promise  and  their  development 
should  not  be  unnecessarily  retarded  by  premature 
regulation. 
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In  ar.v  com* unication  system,  the  information  rate  _s 
limited  bv  three  basic  features  of  the  communication 
channel:  the  inherent  noise  density,  Nq  (watts/Hz),  within 

the  channel,  the  channel  bandwidth,  W  (Hz)  ,  and  availaole 
signal  power,  i  (watts) .  In  principle,  considering  the 
basic  properties,  it  is  possible  to  encode  information  into 
either  the  power  or  bandwidth  intensive  domain.  Each  domain 
exhibits  properties  which  the  communication  system  designer 
can  exploit  to  solve  the  problems  of  transferring  informa¬ 
tion  from  ■‘■ha  sender  to  A  he  receiver  with  an  arbitrarily 
small  error  rate. 

The  basis  of  spread  sps  c*ri.m  technology  is  expressed  by 
Shannon's  law  in  .he  form  of  channel  capaci-y,  C  (bits  per 
second),  given  by  equation  3.1, 


C  =  3. 3  2  a  l:c  (1  +  ?/N|  , 


(u-gr.  3.1) 


where  N  is  *he  channel  noise  power  in  watts.  Ihis  equation 
shows  the  relationship  between  the  ability  of  a  channel  to 
transfer  error  free  information,  compared  to  the  pover-to- 
noise  ratio  existing  in  the  channel  and  the  bandwidth  used 
to  transmit  information  [Ref.  4:  p.  4],  It  is  not  possible 
by  any  encoding  nethod  to  send  at  a  higher  rate  and  have  an 
arbitrarily  low  frequency  of  errors.  This  law  is  shown  to 
hold  true  for  the  worst  case  cf  white  thermal  noise,  for 
which  each  amplitude  distribution  is  Gaussian. 
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The  available  signal  power  and  -he  channel  noise  density 
can  also  be  used  to  define  a  ne w  variable,  WQ,  such  that 


?  =  21  R  or  W  =  P/N  , 

o  O  o  o' 


( e  g  r.  3.3) 


where  is  the  bandwidth  which  would  yield  a  noise  power 
equivalent  to  the  signal  power.  combining  equations  3.2  and 
3.3,  the  signal  power-to-o o ise  ratio  can  be  expressed  as: 


?/*  *  WN'o  w  =  wo  /k,‘ 


(eqr.  3.«) 


Thus,  the  power -to -r.ois  e  ratio  is  equated  to  the  bandwidth 
ratio.  Substituting  equation  3.4  into  equation  3.1  and 
normalizing  yields: 


Wa  =  w/wQ  log  (1  ♦  w_/»). 


(egn  3.5) 


where  «/»0is  the  normalized  bandwidth,  and  C/Yi  is  the 
normalized  channel  capacity,  The  normalized  variable.  C/s  , 
reflects  the  systematic  use  cf  the  available  signal  power 
and  inherent  charnel  noise  density,  to  effect  communications 
w it  h i  r.  t  he  ch  an  n  el . 

The  expression  for  channel  capacity  is  now  reduced  to  an 
expression  where  *  he  normalized  channel  capacity  is  a  func¬ 
tion  of  a  single  independent  variable,  W/WQ.  A  plot  of 
normalized  channel  capacity  versus  normalized  bandwidth 
equation  3.5  is  shown  in  Figure  3.1.  The  channel  power- to- 
r.oise  ra-io  is  also  plotted  on  the  same  orach  in  crier  to 
aid  in  the  interpretation  of  the  expression. 

Hc-ice  that  normalized  channel  capacity  decreases 
rapidly  as  the  normalized  bandwidth,  W/W0,  is  reduced  below 
unity.  In  tais  region  of  the  graph,  shown  shaded  in  Figure 
3.1,  the  power -to-r.oise  ratio  is  greater  than  one  and 
increases  rapidly  as  W/W0  decreases.  This  is  the  region 
traditionally  used  for  reliable  power  domain  communications. 
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Figure  3.1  Normalised  Channel  Capacity  vs.  Bandwidth. 

However ,  another  regisr.  exists,  »/»0>1,  within  which 
information  can  also  be  tnnsnitted  within  a  channel.  Che 
power-tc-r.oise  ratio  in  this  region  is  less  than  one  and  for 
that  reason  the  information  is  net  readily  recoverable  by  a 
simple  detection  of  signal  power  (as  power  domain  communica¬ 
tions  would  typically  be  detected).  3ut  if  information  is 
codec  before  if  enters  a  channel  and  later  decoded  for 
detection,  advantage  can  be  taker,  of  the  ?/N<1  region  cf  the 
spectrum  for  information  transfer.  These  properties  protect 
the  signal  from  unwanted  interference,  from  detection  in  the 
power  domain  and  near-* maximum  normalized  channel  information 
capacity . 

Note  that  in  Figure  3.1,  to  the  left  of  the  w/w0  =  1,  c/w 
=  1  point,  the  curve  of  C/W0is  pow er -s ensif ive,  whereas  to 
the  riaht  of  this  point  the  curve  is  bandwidth-sensitive. 
The  rationale  for  spread  spectrum  communications  is  to 
coherently  convert  the  signal,  before  it  enters  the  channel. 
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from  th<=  power-intensive  domain  to  ‘ake  advantage  of  the 
P/N <  1  region.  *t  the  receiving  end,  the  bar.dwidth-spr ead 
signal  is  converted  or  correlated  back  to  the  power  domain 
and  detected  as  2  standard  power  domain  signal  [Ref.  5:  p. 
89]. 

C.  SPREAD  SPECTRUM  PRINCIPLES 

Spread  spectrum  modulation  systems  are  designed  to 
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systems  therefor  €  use  a  bandwidth  that  is  wide  compared  to 
the  bandwidth  that  would  normally  be  needed  to  communicate 
the  message  i  r.f  ormat  icn. 

The  bandwidth  (dimensionality)  of  the  signal  car.  be 
increased  by  amplitude  or  phase  modulation.  Although  SS 
systems  could  utilise  Gaussian  r.cise  as  a  modulating  source, 
introducing  both  amplitude  ar.d  phase  variations,  practical 
transmit- ex  constraints  on  peak  power  and  linearity  favor 
systems  which  use  phase  modulation  only.  Additional  limita¬ 
tions  or.  the  practical  realization  of  equipment  favor 
development  of  systems  using  discrete  phase  modulation 
(pseudonoise  systems)  and  discrete  frequency  hopping  (?H 
systems)  ,  rather  than  continuous  modulation. 
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In  Drinciple  the  message  information  can  be  introduce} 
bv  any  cf  -he  conventional  forms  of  amplitude,  frequency  or 
phase  modalaxior.  However,  an  additional  requirement, 
usually  placed  cn  spread  spectrum  systems,  is  that  the 
message  modulation  should  only  be  recoverable  by  methods 
that  require  knowledge  of  the  pseudonoise  (PM)  spreading 
code.  This  car.  be  ensured  by  converting  the  message  to  a 
digital  form  ar.d  combining  the  digital  message  with  the  P'.l 
spreading  code  before  modulation  cn  a  carrier.  A  spreading 
code  is  a  signal  thcit  is  mixed  with  a  conventional  radio 
frequency  (RF)  carrier  for  the  purpose  of  spreading  the 
bandwidth  of  the  transmitted  data.  It  should  be  stressed 
that  spreading  codes  are  usually  linear  in  nature  end  are 
not  used  to  encipher  the  signal. 


D.  SPREAD  SP3CT  HIM  SYSTEMS  IMPLEMENTATION 

Only  recently  has  technology  come  to  the  point  of  making 
circuitry  and  systems  reasonably  small,  reliable  and  inex¬ 
pensive  so  as  to  enable  practical  implementations  cf  spread 
spectrum  concepts.  Viewed  as  a  motivating  force  encouraging 
the  growth  of  the  field,  this  recent  development  for  prac¬ 
tical  spread  spectrum  systems  must  be  reinforced  by  the 
additional  pressure  cf  more  and  greater  demand  being  made  cn 
communication  systems  than  ever  befor®.  Increased  message 
traffic  frcm  a  higher  number  of  users  is  creating  a  need  for 
protection  of  information  frcm  interference,  net  only  in  a 
military,  bu*  ir  a  ccmmerical  environment  as  well.  As  a 
result  cf  these  twe  ma ior  factors,  the  availability  of 
systems  and  components  coupled  with  the  need  for  improved 
communication,  has  thrust  spread  spectrum  communications 
into  the  technical  community. 
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There  are  many  reasons  for  its  inception,  one  of  the 
principle  factors  being  the  desire  for  an  anti  jam  capa¬ 
bility,  usually  in  a  single  user  application.  As  the 
advancements  progressed,  the  SS  concepts  have  been  found  to 
be  well  suited  tc  precision  range  and  position  location  and 
most  recently  have  been  applied  to  multiple  access  situ¬ 
ations  involving  many  users  simultaneously. 

Over  the  last  ten  years,  the  work  in  this  field  has  been 
mainly  associated  with  military  applications.  Pew  programs 
in  both  military  and  commerical  areas,  using  spread  spectrum 
methods,  are  being  conceived  at  an  ever  increasing  rate. 
JTIDS,  PISS,  SEES  TALK,  HAVE  QUICK,  SINCGABS,  U3C-28,  to 
name  a  few  are  such  programs  that  are  beginning  tc  provide 
further  momentum  towards  smaller,  lighter  and  more  capaole 
systems  tha~  are  readily  adaptable  to  volume  production. 

Therefore,  the  techniques  which  these  programs  may  use 
are  crucial.  The  tradeoffs  between  techniques  used  will 
determine  vhat  advantages  or  disadvantages  will  be  enhanced 
or  suppressed.  Two  of  the  techniques  to  be  discussed  in 
order  tc  provide  the  reader  with  a  more  comprehensive  view 
of  spread  spectrum  capabil.  it ies,  are  direct  sequence  and 
frequency  hcoDing  systems. 

E.  DIRECT  SEQUENCE  SYSTEMS 

Direct  sequence  systems  are  the  most  common  and  widely 
used  spread  spectrum  systems.  Direct  sequence  signals  ar= 
r.oise-like  signals  where  the  spectrum  appears  to  consist  of 
noise.  In  order  to  analyze  the  performance  of  the  DS 
systems,  it  is  necessary  to  be  more  specific  about  the  oper¬ 
ation  of  the  modulation  and  demodulation  equipment.  Thus,  a 
definition  of  direct  sequence  that  adequately  reflects  the 
operational  characteristics  of  this  technique  is: 


aek+'-K iy  ^ 


28 


Pseudorandom  sequences,  i r.  which  a  carrier  is  nodulated 
bv  a  digi*ai  cede  sequence  havir.q  a  bit  rate  much  hiqher 
mar.  the  information  sianal  bandwidth  fRef.  6:  p.  22  j. 


These  signals  are  usually  modulated  by  phase  shift 
keying  the  carrier.  The  wide  bandwidth  of  these  signals  is 
due  to  the  high  :ate  at  which  the  carrier  phase  is  shifted. 
In  a  direct  sequence  system  the  bandwidth  cf  the  transmitted 
sigral  is  directly  related  to  the  rate  of  the  code  (code  bit 
rate).  The  mairlobe  bandwidth  is  twice  the  code  bit  rate. 
Typical  bandwidtrs  for  direct  sequence  signals  vary  areatiy 
(tens  of  kilohertz  to  hundreds  of  megahertz).  The  null  to 
null  bandwidth  cf  these  signals  is  generally  greater  than 
one  hundred  times  the  traffic  bandwidth  and,  therefore,  the 
signals  use  a  much  wider  bandwidth  than  is  necessary  for 
traffic  transmission. 

The  carrier  is  directly  nodulated  (phase  shift  hayed)  by 
a  spreading  code  which  is  a  nearly  random  (pseudor  ar.dom> 
sequence  cf  cede  elements.  The  primary  purpose  cf 
mcdulatir.n  the  carrier  with  a  spreading  code  is  to  wider  the 
bandwidth  of  the  sianal.  The  spreading  code  elements  are 
generated  at  a  higher  rate  than  the  traffic  code  elements. 


This  causes  the  chase 


the 
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be  shifted  mere 


frequently  and  therefore  Tae  bandwidth  is  increased. 

Since  the  transmitted  power  of  these  signals  is  spread 
cut  over  a  wide  bandwidth,  the  signal-to-ncise  ratio  of  a 
receiver  must  be  considerably  lower  than  that  which  is 
needed  for  reliable  narrowband  signal  transmission.  This 
lew  sianal-to-no  ise  ratio  often  makes  it  mor*=-  difficult  to 


intercept  this  type  cf  signal. 
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P.  FREQ0E8CY  HOPPING  SYSTEMS 


A  frequency-hopped  co  mmun  icatio.n  method  is  a  spread 
spectrum  system  in  which  the  spreading  of  the  spectrum  is 
achieved  by  chancing  (hopping)  the  frequency  of  the  carrier 
sianai  at  regular  intervals.  The  frequencies  to  which  the 
signal  can  be  hepped  are  usually  spaced  equally  across  the 
desired  frequency  band  and  the  signal  is  hepped  to  these 
frequencies  in  a  seemingly  random  sequence  called  a  heppinq 
pattern.  Tvpically,  data  transmission  is  accomplished  by 
means  of  conventional  binary  or  multitone  frequency  shift 
keying  (F3K)  modulation  of  the  carrier  signal.  One  or  mere 
bits  can  be  transmitted  using  FSK  during  the  time  that  th- 
carrier  signal  is  hopped  to  the  nominal  frequency.  In 
effect,  the  modulated  signal  occupies  a  small  band  or  slo^ 
centered  around  the  nominal  frequency.  The  frequency  of  the 
signal  is  hopped  from  slot  to  slot  under  control  of  the 
hopping  pattern  tut  the  exact  frequency  withir.  the  slct  is 
determined  bv  the  data  modulation.  It  is  also  possible  to 
use  a  hopping  rate  in  excess  of  the  data  rate  so  that 
several  frequency  hops  occur  during  the  transmission  of  a 
sinoie  bit.  This  has  obvious  advantages  if  a  iammer  signal 
or  other  radio  frequency  interference  is  present  in  or  near 
some  of  the  frequency  slots  and  also  r°duces  deteciabiity  of 
unwanted  signals. 

The  frequency  hopping  technique  is  similar  to  that  of 
direct  seau^nce.  The  main  difference  is  in  the  way  the 
transmitted  spectrum  is  generated  ana  in  the  way  interfer¬ 
ence  is  rejected.  As  with  35  a  central  feature  is 
pseudorandom  code  generators  at  both  the  transmitter  and 
receiver,  capable  of  producing  identical  cedes  with  proper 
synchronization.  As  before,  there  is  r.o  restriction  on  the 
choice  of  information  modulated.  In  the  frequency  hoppinc 
method,  the  pseudorandom  code  sequence  is  used  to  switch  the 


30 


carrier  fr 

sq  ue  n  cy 

inst 

ea d  of  directly  moduiatina 

the 

carrier. 

The  ba 

r.cwid  th 

over 

which  the  energy  is  spread 

is 

ess  entially 

ind  ependent 

of  the  code  clock  rate  and 

is 

determined 

by  t  he 

highest  and  lowest  frequencies  of 

the 

frequency  hepped  carriers. 

G.  APPLICATION  AND  ADVANTAGES 

There  are  many  reasons  and  applicabilities  for  spreadir.a 
the  spectrum  and,  if  done  properly,  a  multiplicity  of 
benefits  can  accrue  simultaneously.  Three  cf  the  most 
important  benefits  are  interference  suppression,  energy 
density  reduction  and  ranging  or  time  delay  measurement. 

The  most  imp  ertar.t  of  these  is  the  suppression  of  inter¬ 
ference  which  may  be  characterized  as  any  combination  of  the 
following:  It  other  users-  intentional  or  unintentional,  2) 

multiple  access-spectrum  sharing  by  coordinated  users  ar.d  3) 
multipath  sel  f-  jamming  by  delayed  signal. 

Protection  against  in-band  interference  is  called  anti¬ 
jamming  (AJ)  .  This  is  probably  the  most  extensive 

application  of  spread  spectrum  c ommur. icaticns  used  today.  A 
similar  aaplicat  :on  is  that  of  multiple  access  by  numerous 
users  who  share  the  same  spectrum  in  a  coordinated  manner, 
in  that  each  employs  signaling  charact eristics  which  are 
distinguishable  from  these  of  all  other  users  [He?.  7:  p. 
11]. 

The  last  fora  of  interference  suppressed  by  spread  spec¬ 
trum  techniques  is  the  self  interference  caused  by  multipath 
in  which  delayed  signals,  arriving  via  alternate  paths, 
interfere  with  the  direct  t  ransmission. 

The  second  class  of  applications  centers  about  the 
reduction  of  the  energy  density  of  the  transmitted  signal. 
It  has  a  tve-feid  purpose,  to  meet  international  allocation 
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regulations  and  to  mini  mi 29  detectability  or  provide 
privacy.  The  important  point  in  this  discussion  is  tha*  the 
same  ievel  of  average  radiated  power  is  required  whether 
this  power  is  spread  over  a  very  wide  bandwidth  or  is 
concentrated  in  a  very  narrow  bandwidth.  Thus,  the  power 
spectral  density  radiated  from  a  spread  spectrum  system  is 
significantly  less  than  the  power  spectral  density  radiated 
from  a  conventional  narrowband  system  as  illustrated  by 
Fiaure  3.2. 


CURVE  A 


FREQUENCY 


Figure  3.2  Comparison  of  Radiated  Power  Spectral  Density. 

Another  important  consideration  concerns  the  effective¬ 
ness  and  efficiency  of  spread  spectrum  systems.  It  can  be 
shown  that  the  number,  N,  of  adjacent,  narrowband  channels 
(Figure  3.3)  coda  be  replaced  by  M/2  wideband  channels  as 
shown  by  Figure  3.4,  but  with  multiple  access  capability 
such  that  spectrum  utilization  will  be  the  same.  What  gives 
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Figure  3.3  If  Narrowband  Channels. 

the  spread  spectrum  systems  their  desirable  advantage  is 
that  an  spread  spectrum  receiver  mus"  be  synchronized  to  the 
era  remitter  it  is  copying  and  thus,  the  spread  spectrum 
receiver  rejects  undesired  and  u  nsynchroniz  ed  signals. 
This,  in  turn,  suggests  the  possibility  that  seme  number,  n, 
of  conventional  communicaii cn  systems  can  coexist  wirh  some 
number,  m,  cf  spread  spectrum  systems  in  a  common  frequency 
band  ar.d  in  the  same  electromagnetic  spectrum  environment 
shown  by  Figure  3.5. 

The  application  cf  spread  spectrum  for  ranging  or 
position  location  is  rapidly  gainina  in  importance.  A. 
common  type  of  range  measurement  method  used  is  radar.  In 
consists  of  measuring  the  delay  of  a  pulse  or  pulses  from 
time  of  transmission  and  receipt.  The  advantage  cf  spread 
spectrum  ranging  is  that  the  timing  measurement  is  made 
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Figure  3.4  Nf/2  Sideband  Channels. 

using  -he  spreading  cede  as  the  standard  of  measure.  Highly 
accurate  ranging  measurements  can  be  obtained  when  high  code 
bit  rates  are  used.  Thus,  a  spread  spectrum  system  usina  10 
million  bps  code  rate  can  provide  ranging  resolution  to 
within  30  meters. 

H.  SPREAD  SPECTRUM  IMPACT  ON  SPECTRUM  MANAGEMENT 

The  choice  of  spread  spectrum  technique  may  apesar 
strange  when  the  assumed  goal  of  radio  regulations  is  to 
conserve  the  frequency  spectrum  and  certainly  not  use  more 
bandwidth  than  necessary.  surprisingly,  spread  spectrum 
techniques  solve  a  problem  that  at  first  glance  they  seem  to 
create,  that  is,  spectrum  conservation  (Figure  3.5). 
Traditionally,  radio  regulations  <-ried  to  keep  signals 
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- EFFECTIVE  NOISE 

DUE  TO  SS  SYSTEM 

Figure  3.5  5S  Systems  Coexisting  with  conventional  Systems, 

within  the  radio  frequency  environment  separated  by 
assigning  each  signal  to  an  allocated  frequency  slot. 
However,  there  are  o-.her  methods  of  separating  signals,  or 
in  the  general  case,  inf  crma  rior.  sources.  Consider  the 
difference  between  Frequency  Division  Multiplex  (FDK)  and 
Time  Division  Multiplex  (TDM)  .  In  -.he  former,  each 
information  source  is  assigned  a  pre-selected  frequency 
slot.  In  the  letter,  each  information  source,  after  being 
digitized,  is  assigned  a  time  slot.  In  both  multiplexing 
techniques,  the  parameter  that  maintains  the  separation  is 
either  frequency  cr  time. 

As  a  result  cf  spread  spectrum  techniques  developed  over 
the  years,  a  third  signal  multiplexing  technique,  called 
Code  Division  Multiplexing  (CDM)  can  be  identified.  In  this 
technique,  both  +iae  and  frequency  are  utilized. 
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Each  ir.fcr ciation  source 


is  assigned  a  unique  ori.hcgor.al 
code  which,  when  added  to  the  original  source  data,  spreads 
this  data  in  frequency  and  pseudorandomizes  the  data  in 
time.  Coda  Division  Multiplexing  allows  communication 
system  designers  to  actualize  the  potential  of  Shannon's  law 
of  trading  signal  power  for  bandwidth.  O’sing  this 

multiplexing  method,  many  information  channels  can  be 
established  in  +he  same  frequency  channel  and  at  the  same 
time,  without  interference  between  channels.  Code  Divison 
Multiplexing  may  be  the  most  promising  spread  spectrum 
technique  because  it  allows  implementation  of  a  multiple 
access  system  in  which  many  users  can  share  the  same  channel 
ir.  an  ur.  synchro  n  ized  way ,  with  each  user  being  assigned  a 
different  pseudorandom  code. 

However,  the  use  of  spread  spectrum  systems  almost 
invariably  intro cuces  complications  in  frequency  management. 
It  is  usually  impossible  to  coordinate  frequency  band 
utilization  a 'acre  transmitters  to  provide  a  clear  broadband 
channel  for  the  conn unicati on  function.  As  a  result,  a  host 
of  narrowband  (NB)  interferers  have  to  be  accepted  as  a 
consequence.  Due  to  range  disparity  these  NB  interferers 
may  be  received  maty  orders  of  magnitude  stronger  than  the 
signal  and  thus  some  provision  must  be  made  for  coping  with 
the se  interferers. 

There  are  numerous  operational  advantages  for  spread 
spectrum  that,  taken  together,  impact  on  spectrum  manage¬ 
ment.  Seme  of  these  advantages  are  [Ref.  8:  p.  264]  : 

1.  The  use  cf  a  large  number  of  frequencies  in  each 
waveform  results  in  a  form  of  frequency  diversity 
that  signif icantly  reduces  the  dec'  \daticn  in 
performance  that  normally  arises  from  rapid  fading. 

2.  Any  user  can  access  the  system  at  any  ‘•-ias  without 
waiting  f cr  a  free  channel. 
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3.  There  is  no  hard  limit  on  the  number  of  ac‘’.v;  isers 
that  can  be  handled  simultaneously  by  the  system. 
When  the  number  or  users  exceeds  the  design  value, 
the  result  is  a  degradation  of  performance  for  all 
users  ratter  than  denial  of  access. 

4.  Since  all  users  occu py  the  same  band,  all  user  hard¬ 
ware  is  identical  except  for  the  filters  associated 
with  '■ha  unique  signal  set. 

5.  'Jr.aer  circumstances  in  which  the  full  capacity  of  the 
system  is  not  required,  spread  spectrum  systems  may 
coexist  in  the  same  frequency  band  as  conventional 
narrowband  systems  without  excessive  mutual 
interfere  roe. 

At  this  time  the  results  are  inconclusive  and  incomplete 
on  how  spread  spectrum  systems  will  impact  on.  spectrum 
management.  However,  the  numerous  operational  advan~aces, 
the  more  ur.iforn  and  higher  quality  performance  and  the 
ability  to  capitalize  upon  technological  advances  leads  to 
the  conclusion  that  such  systems  are  serious  contenders  for 
the  communication  system  of  the  future. 


IV.  ASSESSMENT  CP  PHEQDEHC Y  BANDS  DSHD  FOR  SPREAD  SPECTPJJM 

SYSTEMS 


A.  BACKGROCJND 

Since  military  spread  spectrum  systems  are  designed 
primarily  for  their  anti-jam  capability  in  a  hostile 
environment,  it  is  possible  that  military  planning  for  SS 
use  may  icrcre  the  frequency  allocation  tables  and  consider 
only  the  tradeoffs  involved  in  frequency  use  during  -actical 
sit  nations. 

However,  ary  new  system  be in  a  developed  must  meet 
certain  requirements,  both  during  the  development  cycle  an! 
in  peacetime  training  and  readiness  operations,  including 
compliance  with  frequency  allocation  rules.  °ecause  the 
international  and  national  radio  reaulaticns  do  not 


currently  address  SS  systems,  existing  national  ar.i  interna¬ 
tional  notification,  coordination  and  registration 


re  gist  rat  tor. 


procedures  should  be  followed  to  obtain  recoanitior.  and 
protection  .at  all  levels. 

To  facilitate  the  authorization  process  and  insure  that 
spectrum  compatibility  exists  at  a  particular  location  an 
EMC  analysis  is  required.  This  analysis  should  consider 
ccsite,  inters:. te  and  adjacent  channel  and  band  operations 
within  the  common  electromagnetic  environment.  This  neces¬ 
sity  for  compliance  must  be  adhered  to  if  the  goal  of  spread 
spectrum  acceptance  among  international  and  national  users 
is  to  be  achieved.  without  thedr  acceptance,  the  use  of  SS 
svstems  would  be  delayed  until  they  are  designed  and  devel¬ 
oped  in  such  a  manner  as  to  be  consistent  with  the 
allocation  tables  and  radio  regulations. 


he  a 5 ad 
factors. 


The  identification  of  frequency  hands  that  car. 
by  SS  systems  requires  consideration  of  a  number  cf 
including  frequency  allocation  regulations,  present  usage  of 
the  spectrum,  possible  tactical  usage  and  the  possible 
variations  in  SS  systems  design. 

The  present  frequency  allocation  regulations  partition 
the  spectrum  into  frequency  bands  which  are  used  by  certain 
services,  such  as  fixed  service  and  mobile  service.  In 
addition  to  the  allocation  of  the  spectrum  service,  national 
frequency  allocation  rules  define  the  type  cf  user  allowed 
in  each  band  as  government  user  or  non-government  user. 
National  frequency  allocation  rules  also  define  the  channel¬ 
ization  cr  each  band  (the  frequency  separation  required 
between  users)  and  the  maximum  allowable  bandwidth. 

Within  the  government  allocation,  frequency  bands  now 
used  by  the  military  should  be  considered  before  non- 
military  bards  because  coordination  and  allocation 
application  procedures  will  occur  only  within  the  military, 
rather  rnan  within  both  the  military  and  o*her  qcvsrnner> 
users.  However ,  when  this  is  not  possible,  the  military 
should  consider  obtaining  approval  for  use  in  the  shared 
governor, t/r.cn-gcvernment  frequency  bands.  3ut  approval 
will  occur  only  after  a  significant  test  ana  coordination 
program  is  developed  and  proved  reliable.  The  introduction 
of  military  S3  systems  into  the  non-government  frequency 
bancs  is,  in  the  opinion  of  the  author,  not  a  feasible 
alternative  at  this  time  because  of  the  present  users 
determined  resistance  to  sharing  -heir  frequency  bands. 

B.  FREQUENCY  BA  HD  SELECTION 

A  spread  spectrum  system  which  is  designed  for  low- 
density  use,  such  as  a  low  number  cf  links  in  specific 
locations,  can  be  introduced  into  bands  used  by  many  types 
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cf  conventional  squipaer.t  if  proper  coordination  techniques 
are  used.  Antenr.a  discriai  nati  or. ,  physical  siting  and  power 
programming  can  be  used  to  ensure  that  a  low-density  SS 
system  will  be  compatible  with  conventional  narrowband 
systems  in  the  same  frequency  band.  Wideband  spread  spec¬ 
trum  equipment  can  operate  in  the  relatively  unused 
multi-GHz  regions  of  the  spectrum  without  EMC  problems. 
However,  hiah-de nsit y  SS  systems,  such  as  those  for  +actical 
information  use,  generally  use  omnidirectional  antennas  and 
are  spaced  throughout  the  communication-electronic  environ¬ 
ment.  Electromagnetic  compatibility  can  be  achieved  only  by 
using  a  band  that  is  not  in  use  in  the  particular  environ¬ 
ment  or  by  using  a  band  that  is  us»d  by  equipments  that  are 
compatible  at  close  range  with  SS  systems. 

Since  frequercy  band  usage  can  be  categorized  by  type  of 
user,  frequency  band  selection  for  SS  systems  can  be  aided 
by  knowing  the  spread  spectrum  design  constraints  for  EMC 
within  each  category  of  user  equipment.  The  design 
constraints  can  be  determined  by  analyzing  the  EMC  of 
several  types  cf  SS  systems  with  typical  users,  thus 
providing  a  relative  measure  of  electromagnetic 
compatibility  between  the  various  types  of  spread  spectrum 
eauipmer.t  and  conventional  equipment. 

The  standard  for  comparison  is  the  distance  separation 
required  between  the  SS  system  and  the  equipment  in  each 
functional  category  cf  conventional  equipments,  thus  giving 
an  indication  of  the  ability  of  the  equipments  to  operate  in 
the  same  geographical  area  as  the  SS  methods.  The  levels  of 
the  noise- like  responses  they  produce  ir.  narrowband 
receivers  are  tolerable  provided  the  distance  separations 
ar.d/cr  the  frequency  separations  between  the  offending 
sources  and  the  receivers  are  sufficient  [Ref.  9:  p.  26]. 
Attaining  sufficient  separation  in  either  dimension  may  be 
difficult,  depending  on  the  resources  available.  The 
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and  to  reduce  the  conventional  transmitter  signal  tc 
acceptable  levels  at  the  SS  receiver  location.  In  general, 
for  comparable  radiated  power  levels  and  baseband  band- 
widths,  the  distance  separation  required  tc  avoid 
interference  to  SS  receivers  will  be  the  same  as  the 
distance  separation  required  to  avoid  interference  to 
conventional  receivers.  Thus,  the  distances  considered  are 
required  to  prevent  interference  from  SS  systems  to  conven¬ 
tional  receivers,  since  spread  spectrum  impact  on  existing 
systems  is  of  primary  concern  in  the  frequency  allocation 
approach . 

A  Generalized  frequency  band  can  be  identified  bv  the 
military  SS  system  desiqner,  based  cr.  such  restrictions  as 
ccmoonent  availability,  power  and  propagation.  Frequency 
allocation  tables  can  be  used  to  select  candidate  bands, 
based  on  the  service  of  the  SS  equipment  and  on  the  fact 
that  the  system  should  be  government  operated.  To  determine 
the  frequency  bards  that  will  be  compatible  with  S3  systems, 
an  EMC  analysis  with  present  band  users  must  be  considered 
in  detail  by  analyzing  the  possible  interference  effects  of 
the  systems  (spread  spectrum  and  conventional).  Obviously, 
this  must  be  resolved  before  the  communication  community 
will  accept  wide-scale  use  of  spread  spectrum  systems. 

1 .  Near/Far  Interfere^ ce  Problem 

The  near/far  problem,  which  occurs  when  a  receiver 
is  located  near  an  offending  transmitter  and  is  far  from  th« 
desired  transmitter,  can  be  formidable  when  SS  systems  are 
employed.  The  problem  can  be  experienced  by  SS  receivers  as 
well  as  by  the  conventional  receivers  that  share  the  band 
with  the  SS  systems. 
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In  operations  involving  only  conventional  radio 
systems,  a  receiver  and  any  nearby  offending  transmitter 
would  operate  on  different  assiqnei  channels.  Usually  thev 
can  be  separated  by  several  channels  so  that  40  to  80  cB  of 
rejection  results  from  receiver  selectivity  and  transmitter 
£F  filter  [Ref.  10:  p.  9],  Because  of  this  off-frequency 
rejection,  the  rear/far  problem  can  usually  be  avoided  with 
conventional  narrowband  systems. 

In  operations  involving  S3  radio  systems,  however,  a 
receiver  located  near  an  offending  transmitter  that  shares 
ore  or  mere  channels  with  the  receiver  would  not  be  able  to 
obtain  any  of  f- frequency  rejection.  In  this  situation,  a  SS 
receiver  must  have  sufficient  processing  gain  tc  overcome 
the  unwanted  signal,  while  a  conventional  receiver  must  have 
a  very  narrow  bandwidth  to  provide  on-tune  rejection  of  an 
unwanted  SS  signal. 

To  mitigate  this  problem,  various  techniques  for 
rejecting  unwanted  signals  must  be  employed.  The  attainment 
of  EMC  depends  cr  how  well  unwanted  signals  can  be  rejected. 
Thus,  cn>e  of  -he  major  factors  that  will  determine  the 
practicality  of  applying  SS  techniques  to  military  radio 
operations  is  hew  well  unwanted  signals  can  be  r° itched  in 
receivers  operated  in  e  nvir  cninent  s  that  contain  both 
ccnventional  and  spread  spectrum  systems.  There  are  several 
means  for  rejecting  signals.  In  each  case,  the  amount  of 
rejection  obtained  is  usually  dependent  cn  the  type  of 
receiver  and  the  nature  of  the  unwanted  sicrnal.  Thus,  the 
rejection  attainment  in  conventional  receivers  is  often 
different  from  that  cf  SS  systems.  A  comparison  of  various 
means  of  rejection  [  Ref .  10:  p.  13]  is  as  follows: 

1.  Rejection  Resulting  from  Processing  Gain — the 

correlator  in  a  SS  receiver  yields  an  enhancement  of 
the  sign al-tc-in ter ference  ratio.  The  amount  cf 
tenhanceme rt,  is  referred  to  as  fhe  processing  gain. 
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2.  Of f-Fr equ ercy  Reject ion--ccnvent ional  NB  sianals  that 
are  several  channels  or  more  from  the  channel  used  by 
the  victim  receiver  car.  be  attenuated  40  *o  60  dB  by 
the  selectivity  available  in  most  conventional 
receivers  . 

3.  On-Tune  Rejection  —  is  determined  by  the  chip  rate  of 
+  he  SS  signal  and  the  intermediate  frequency  (I?) 
bandwidth  of  the  victim  NB  receiver.  For  the 
present,  SS  systems  are  limited  to  bar.dwidths  of 
about  200  MHz.  Thus  a  conventional  NB  receiver 
cannct  reject  SS  signals  nearly  as  effectively  as  it 
can  reject  ad jacent- channel  NB  signals. 

4.  Signal  Limiting  Rejection — unwanted  signals  of  large 
amplitudes  may  be  limited  by  the  action  of  a  limiter 
circuit  or  by  amplifier  saturation.  If  the  unwanted 
signal  occurs  in  shert  bursts  and  has  a  low  duty 
cycle,  such  limiting  can  be  an  effective  means  of 
rejection  because  it  reduces  the  average  power  of  the 
interfere  rce. 

Therefore,  the  rear/far  problem  aces  not  occur  in  frequency 
hopping  systems,  since  different  code  sequences  imply 
different  hopping  pat+erns,  so  at  mosr  times  the  undesired 
signal  will  be  cn  a  different  frequency  from  the  desired 
one . 

2.  Impact  oj  Interfere  nee  on  Sorted  S  oserru m  Systems 

Frequency  hopping  interference  from  unwanted  signals 
is  produced  when  a  frequency  component  of  the  de-hepped 
unwanted  signal  falls  in  the  IF  bandwidth  of  the  receiver. 
This  will  occur  in  two  situations.  First,  it  will  occur 
when  the  receiver  code  introduces  a  frequency  shift  in  the 
receiver  identical  to  the  shift  in  the  unwanted  signal. 
Secondly,  it  will  occur  in  a  non-linear  channel  due  to 
intermodulation  between  two  or  more  interfering  signals 
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producing  ar.  ir.t ermcdulation  product  a4  a  suitable  frequency 
with  respect  to  the  current  value  of  the  receiver  [P.ef.  11: 

p.  3- 18  ]. 

For  hopping  rates  "that  are  high  compared  with  the 
information  rate  the  interference  produced  from  unwanted 
signals  will  be  noise-like.  This  is  because  each  spectral 
line  will  be  spread  in  a  (sin  x2)/x2  fashion  by  an  ameunt 
roughly  equal  tc  the  hopping  rate  and  this  spread  will 
exceed  the  receiver  information  rate.  For  hopping  rates  low 
compared  with  the  information  rate,  “.he  spread  on  each  line 
of  the  transmitted  spectrum  will  be  small  compared  with  the 
information  bandwidth  and  the  interference  effects  from 
unwanted  sianals  will  tend  to  be  coherent.  However,  as  the 
hopping  rate  is  low  (one  or  two  hops  per  second)  the  occur¬ 
rence  of  the  interference  will  be  intermittent  with-  periods 
of  one  hop  duration  suffer  ir.g  heavy  interference  separated 
by  long  periods  cf  interference  free  reception.  The  differ¬ 
ence  ir.  the  lone  term  average  performance  from  either  high 
or  lew  hopping  rates  is  probably  small  and  a  choice  must 
then  be  made  ir.  practical  systems  as  to  what  type  cf 
unwanted  signal  interference  is  preferable. 

Direct  sequence  systems  may  be  required  to  operate 
in  the  presence  cf  ether  os  signals  as  might  be  encountered 
in  multiple  access  situations  in  which  many  signals  ar= 
assior.ed  a  common  frequency  band,  where  signals  access  a 
common  repeater,  or  where  there  is  transmission  multipath  in 
which  delayed  versions  of  the  sans  signal  are  received. 
Assumina  the  pseudor.cise  (?N)  code  signal  and  the  interfer¬ 
ence  are  uncorrelated,  then  it  can  be  seen  that  by 
increasing  the  clock  rate  of  the  ?N  code  the  demodulator 
will  be  able  to  demodulate  the  message  in  higher  levels  of 
interference.  Also,  if  there  are  several  interfering 
signals,  the  interference  power  becomes  the  sum  of  the 
powers  of  the  interfering  signals  [Ref.  11:  p.  4-7]. 


The  above  statements  are  valid  provided  the  desired 
signal  ar.d  the  interference  are  uncorrelated.  If  tha  code 
clock  rates  are  the  same,  however,  *■  he  signals  cannot,  be 
considered  to  be  uncorrelated.  The  spectrum  then  will 
depend  upon  the  relative  delay  between  the  two  clocks. 

3.  Sorea  d  S  rectrum  Interference  to  Conventional  Voice 

Sys-ems 

For  conventional  communication  systems,  it  was 
determined  that  approximately  the  same  performance  is 
obtained  for  a  given  amount  of  undesired  power  within  the  IF 
filter  resulting  from  a  DS  signal  or  white  Saussian  r.oise 
[Haf.  12:  p.  284],  Additionally,  the  performance 

degradation  to  a  conventional  voice  FM  receiver  caused  by  an 
interfering  DS  signal  is  greater  ihan  that  encountered  bv 
conventional  voice  Ah  receiver. 

Another  interference  affect  on  conventional  svstems 
is  when  the  frequency  separation  between  adjacent 
frequencies  of  the  FH  signal  is  reduced.  When  this  occurs 
the  FH  signal  increasingly  contributes  to  performance 
degradation  of  the  voice  systems  when  freauencies  other  than 
the  on-tune  frequency  are  used.  Thus,  the  same  performance 
is  obtained  for  the  same  in-band  interference  power  whether 
*-h5  power  is  contributed  by  only  the  i  r.star.tar.eous  spectrum 
due  to  the  on-tur.e  frequency  or  by  instantaneous  spectra  due 
to  several  frequency  hops.  Therefore,  a  frequency  hopping 
interfering  signal  having  only  one  of  its  frequencies  hop 
within  the  IF  filler  vouid  result  in  approximately  -the  same 
performance  as  a  periodic  pulsed  signal  in  which  the  dwell 
time  of  the  hopper  is  equivalent  to  the  pulse  width  of  the 
periodic  signal.  [Ref.  12:  p.  284]. 

Additionally,  performance  degradation  to  a  conven¬ 
tional  voice  AM  (FM)  receiver  caused  by  frequency  hopping 
signal  is  slightly  more  (less)  than  that  produced  by  a 
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pulsed  siqnal  having  a  low  hopping  rate  and  a  long  dwell 
time;  whereas,  a  frequency  hopping  signal  produces  slightly 
less  (mere)  interference  than  a  pulsed  signal  having  ?.  high 
hopping  rate  and  a  short  dwell  time. 

Narrowband  voice  systems  can  be  compatible  with 
certain  types  of  SS  systems  without  extensive  coordination. 
Frequency  hopping  systems  with  hopping  bandwidths  or.  the 
order  of  100  KHz  will  be  compatible  with  narrowband  voice 
receivers  in  the  same  environment.  If  bandwidths  of  this 
order  are  not  available  in  the  frequency  range  selected,  an 
alternate  method  possible  for  frequency  bands  with  narrow- 
band  voice  receivers  is  a  proqrammable  ?H  system.  This  type 
of  system  hops  aionq  those  frequencies  (channels)  that  are 
not  utilized  in  the  immediate  vicinity. 

Wideband  voice  (?M)  equipm-nrs  however,  are  not 
likely  to  be  compatible  with  SS  systems  without  extensive 
coordination.  That  is,  specific  frequency  segments  must  be 
coordinated  for  SS  use  through  the  procedures  now  used  for 
obtaining  assignments  for  wideband  point-to-point  or 
satellite  systems.  To  reduce  this  coordination  time  the 
selection  of  S3  system  bandwidths  similar  to  the  bandwidths 
of  the  systems  using  the  band  should  facilitate  the  process. 

4.  Spread  S  tec  t~  urn  Interference  *  1  Conventional  Digital 

Systems 

As  in  voice  systems,  SS  designs  for  introduction 
into  bands  used  by  narrowband  digifal  systems  must  differ 
from  SS  designs  for  introduction  into  bands  used  for  wide¬ 
band  diqitai  systems. 

For  conventional  digital  receivers,  the  interference 
power  and  waveform  are  related  to  receiver  nerformar.ee  in 
terms  cf  bit  error  probability.  For  other  conventional 
receivers,  performance  degradation  is  measured  in  terms  of 
an  interference  threshold  for  the  soecific  waveform  and 


receiver  type.  The  main  distinct  ior.  is  that  verbal 
communication  can  take  place  without  undue  strain  on  either 
the  talker  or  the  listener  even  if  part  of  the  transmission 
is  garbled,  but  digital  co ramunication  systems  require  error 
correcting  codes  to  maintain  the  quality  or  the 
tra  nsmission. 

Spread  spectrum  interference  to  narrowband  digital 
systems  can  be  avoided  if  SS  power  output  is  controlled  and 
the  bandwidth  of  the  SS  transmission  (the  chip  rate  or  the 
hopping  rate)  is  on  the  order  of  100  MHz.  That  is,  low- 
power,  DS  or  FH  systems  using  wide  bar.dwidths  can  operate 
compatibly  in  the  same  environment  with  narrowband  digital 
receivers  without  much  coordination.  As  with  narrowband 
voice  systems,  programmable  FH  systems  can  also  be  used  in 
frequency  bands  used  by  narrowband  digital  systems. 

Wideband  digital  equipments  are  not  likely  *0  be 
compatible  with  SS  systems  without  coordination.  Thus,  the 
same  ccnsiderati cns  apply  to  wideband  digital  as  apply  to 
wideband  voice  systems  as  previously  discussed. 

C.  S PHI AD  SPECTHJM  UTILIZATION 

Although  spread  spectrum  communication  systems  have  been 
widely  studied  and  used  for  specialized  application,  they 
are  not  usually  considered  to  be  efficient  from  the  stand¬ 
point  cf  spectrum  utilization.  However,  when  information 
-‘-heory  is  used  to  compare  the  number  of  simultaneous, 
compatible  users  of  a  finite  segment  of  the  spectrum  which 
could  be  supported  under  two  different  operational  schemes 
(narrowband  and  wideband)  the  results  suggest  that  wideband 
or  spread  spectrum  may  enjoy  a  great  advantage  with  respect 
to  a  NB  system  in  terms  of  spectrum  utilization  theory. 


One  concern  which  arises  continuously  is  whether  a 
Multiple  number  cf  spread  spectrum  users  transmitting  in  the 
same  nominal  carrier  frequency  and  occupying  the  same  RF 
bandwidth  permits  as  many  total  users  of  than  band  as 
conventional  frequency  division  channeling.  A  universal 
response  to  this  question  does  not  seem  possible  because  the 
relative  number  of  users  that  can  be  obtained  by  either 
approach  depends  upon  the  model  assumed  for  the  user,  signal 
power  distribution,  message  length  distribution  and  charac¬ 
teristics  of  equipment  used. 

The  approach  to  determining  how  many  spread  spectrum 
users  can  simultaneously  occupy  a  giver,  band  is  based  upon 
*he  interference  margin  (!1)  cf  the  system.  This  interfer¬ 
ence  margin  determines  the  signal-to-interference  (-/I) 
ratio  which  can  exist  at  the  input  to  the  receiver  while 
maintaining  adequate  sigr.a  1-to-interf erence  at  the 
[Ref.  6:  p.  30].  The  equation  for  interference  margin  is 

a  *  G-L-  (S/T)  ,  (eqn  4.  1) 

where  G  is  the  SS  processing  gain  and  L  is  the  system  imple¬ 
mentation  less.  To  illustrate  equation  4.1,  consider  a  33 
bandwidth  1000  times  that  of  the  information  bandwidth,  sc 
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Since  in  conventional  allocation,  a  single  channel  is 
assigned  to  a  single  user,  a  ouch  higher  percentace  of  the 
available  channels  would  be  mad<=-  available  to  users  than  by 
SS  allocation.  The  exact  number  assigned  is  dependent  upon 
how  much  spectrum  is  used  to  provide  protection  from  equip¬ 
ment  characteristics  which  cause  interference  over  a  band  of 
frequencies  wider  than  the  required  information,  bandwidth. 
Therefore,  a  low  efficiency  of  spectrum  use  by  SS  systems 
occurs  when  the  users  require  continuous  access  to  the 
communication  channel  or  at  least  a  high  duty  cycle.  .\r.d, 
for  such  cases,  bandwidth  expansion  systems  are  usually  not 
spectrum  us^  efficient.  However,  when  each  station  or  user 
is  only  transmitting  a  fraction  of  the  total  time,  wideband 
systems  provide  greater  communication  capacity  and  spectrum 
utilization  than  do  narrowband  systems  [Kef.  6:  p.  30]. 

In  a  congested  band  operation,  in  which  a  service  is 
assigned  various  bands  of  frequencies  within  the  band,  the 
communication  capacity  using  broadband  systems  exceeds  tha* 
of  narrowband  systems.  Thus,  as  the  number  of  users 
increases  in  a  congested  band  operation,  sc  that  the  S/y 
decreases,  or  as  the  duty  cycle  of  operation  decreases, 
broadband  systems  show  inc  °asi r.g  superiority  over  narrow¬ 
band  ones  [  Fef.  6:  p.  31]. 

Thus,  in  an  environment  in  which  all  users  operate  only 
on  ar.  assigned  frequency,  lew  duty  cycle  operation  broadband 
systems  give  greater  communication  capacity  for  a  giver- 
bandwidth  allocated  to  the  service.  The  reason  for  this  is 
that  for  a  low  duty  cycle,  the  narrowband  system  wastes 
spectrum  because  most  of  the  allocated  channels  i  r.  the  band 
will  be  idle  at  any  aiver.  time.  The  narrowband  allocation 
elimina-es  interference  between  users,  while  in  the  broad¬ 
band  case,  each  station  appears  as  noise  to  the  others.  The 
broadband  system  takes  advantage  of  the  low  duty  cycle  which 
keeps  the  noise  level  low  and  increases  the  per-circuit 
capacity. 
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At  hiqh  duty  cycles,  the  NE  system  results  in  superior 
spectrum  utilization  and  it  obviously  makes  sense  no 
allocate  spectrum  using  the  conventional  frequency  division 
method  for  hiqh  duty  systems.  For  low  duty  rate  operations, 
in  which  larqe  numbers  of  users  rely  upon  a  common  relay 
point,  or  systems  which  permit  many  users  to  operate  on  any 
of  a  number  of  frequencies  in  a  band,  bandwidth  expar.dina 
systems  car.  easily  prove  to  be  more  efficient  users  of  the 
spectrum. 

In  the  final  analysis,  direct  sequence  soread  spectrum 
efficiency  is  about  double  that  for  frequency  hopping.  This 
is  tantamount  to  doubling  the  processing  gain.  However,  ?H 
technology  may  have  an  edge  in  achievable  band  spreading  of 
one  or  more  orders  of  magnitude  over  DS  spreading  technology 
which  qrea-'ly  overshadows  the  system's  edge  of  direct 
sequence  [Ref.  7:  p.  18]. 

D.  RECOHHENDATICH 

In  practice,  the  frequency  band  selection  for  spread 
spectrum  systems  should  be  made  in  a  manner  that  complies 
with  frequency  allocation  regulations  to  the  maximum  extent 
possible.  The  primary  function  of  the  SS  system  should  be 
the  same,  if  possible,  as  the  service  to  which  the  band  is 
allocated.  In  addition,  the  band  should  be  designated  for 
government  use.  Finally,  the  technical  characteristics  of 
conventional  com  nun ication  equipment  should  be  considered  in 
the  design  of  any  SS  system  planned  for  use  in  the  same 
band,  both  in  terms  of  possible  interference  to  conventional 
systems  and  in  terms  of  possible  interference  to  the  SS 
receivers. 


50 


V.  POSSIBLE  APPLICATION  OP  SPREAD  SPECTRUM  PRINCIPLES  IN 

SPECTRUM  ALLOCATION 

A.  BACKGROUND 

Spread  spectrum  techniques  have  been  developed  ir.  the 
past  to  permit  communication  of  message  information  under 
difficult  conditions  of  vary  low  sianal-to-noiss  ratio  (such 
as  may  be  encountered  due  to  high  co-channel  interference), 
lew  signal  levels,  or  transmissions  having  low  detect¬ 
ability.  They  were  not  developed  with  a  primary  objective 
of  spectrum  use  improvement,  and  yen  the  objectives  for 
which  they  were  developed  appear  to  be  desirable  for  spec¬ 
trum  allocation  considerations.  Two  strategies  for 

employing  spread  spectrum  techniques  tha^  warrant  further 
consideration  as  to  their  usefulness  for  increasing  spectrum 
efficiency  and  system  performance  are  frequency  band  sharing 
and  dedicated  spread  spectrum  band  allocation. 

E.  FREQUENCY  BAND  SHARING 

One  strategy  would  be  to  overlay  wideband  spread  spec¬ 
trum  users  in  selected  frequency  bands  new  assignee  fer  a 
number  cf  narrowband  users  and  to  use  the  frequencies  simul¬ 
taneously  by  both  kinds  of  users.  The  burden  of  achieving 
and  demonstrating  practicability  would  fail  on  spread  spec¬ 
trum  users  because  most  of  the  spectrum  in  use  today  is 
already  filled  with  narrowband  users  and  traditionally,  new 
users  cf  the  spectrum  carry  a  burden  of  establishing  sharing 
criteria. 

An  approach  to  implement  this  strategy  would  be  to  let 
present  users  continue  operating  as  they  are  today  and  begin 
building  an  overlay  of  soread  spectrum  users  on  the  present 
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network.  The  spread  spectrum  users  would  be  exoec'tc  to 
develop  their  systems  so  as  to  create  minimum  inter f erenc^ 
to  the  conventional  systems  as  well  as  being  able  to  provide 
satisfactory  operational  performance  of  the  spread  spectrum 
systems  in  *he  p  oesence  of  many  interfering  signals  [Ref.  6: 
p.  29].  Spread  spectrum  systems  should  be  evaluated  the 
same  as  conventional  systems.  If  a  spread  spectrum  system 
complies  with  applicable  rules,  regulations  and  procedures, 
the  system  should  be  afforded  the  same  recognition  ani 
protection  as  conventional  systems.  However,  if  ncr.compli- 
ar.ce  exists,  the  spread  spectrum  system  should  be  allowed  to 
operate  on  a  noninterference  basis,  until  such  time  as  data 
can  be  made  available  to  show  compatibility.  When  rules  are 
established,  they  should  a c commodate  spread  spectrum  systems 
wherever  possible.  This  s:  ratecy  should  be  practical  since, 
as  summarized  in  preceding  chapters,  the  spread  spectrum 
signal  is  a  low  density  signal  (inherent  because  the  signal 
power  is  spread  ever  a  wide  bandwidth)  which  to  the  conven¬ 
tional  system  appears  to  be  incoherent  and  is  viewed  as  Only 
a  small  noise  increase. 

Additionally,  the  requirement  *hat  the  spread  spectrum 
system  be  able  tc  operate  in  the  existing  interference  envi¬ 
ronment  is  also  implicit  because  of  its  inherent  capability 
tc  provide  interference  rejection  that  is  probably  not. 
m--_ched  ir.  any  other  system.  As  discussed  earlier,  inter¬ 
ference  is  rejected  by  the  spread  spectrum  receiver  up  to 
some  interference  margin  level  which  is  a  function  of  the 
code  sequence  rate  in  a  direct  sequence  system  and  the 
number  of  frequency  channels  used  in  a  frequency  hopping 
system. 

One  recommended  method  for  accommodating  band  sharing  or 
band  overlay  is  by  assianir.g  orthtgcnal  codes.  Only  a 
receiver  employing  the  same  code  sequence  as  the  transmitter 
will  be  capable  of  decoding  the  transmitted  signal  and 
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recover  ir.q  the  information  signal.  3y  assigning  -ac'r 
receiver  in  a  network  a  different  code,  the  user  may  selec¬ 
tively  address  a  particular  receiver  by  employ irg  the 
corresponding  cede  at  the  transmitter.  3y  assigning 
different  code  sequences  to  different  systems,  many 
transmissions  car  utilize  the  same  portion  of  the  frequency 
spectrum.  This  could  be  done  without  the  explicit 
coordination  necessary  for  trunking,  time  division  multiple 
access,  cr  frequency  division  multiple  access.  Transmit4- ers 
wild  be  able  to  communicate  only  with  their  intended 
receivers.  In  fact,  each  system  should  be  unaware  of  the 
operation  of  other  systems.  This  uncoordinated  channel 
sharing  is  callec  code  division  multiple  access  (CDMA). 

The  main  obstacle  to  the  development  of  this  strategy  of 
overlapping  spread  spectrum  wide  bandwidth  sianals  on 
existina  narrowband  systems  is  the  reluctance  of  those 
currently  authorized  frequencies  to  shar°  then  when  they 
appear  to  have  nothing  to  gain.  To  overcome  this  obstacle, 
careful  planning,  cooperation,  and  experimentation  must 
prove  that  the  current  users  have  nothing  to  lose  and  that 
society,  as  a  whole,  will  benefit  from  increasing  communica¬ 
tion  capability. 

C.  DEDICATED  S P BEAD  SPECTRUM  BAND  ALLOCATION 

The  second  strategy  for  accommodating  spread  spectrum 
systems  ir.  the  frequency  spectrum  is  to  establish  certain 
bands  fer  spread  spectrum  systems  and  to  assign  orthogonal 
cedes  rather  than  frequency  bands.  One  possibility  for 
accommodating  dedicated  spread  spectrum  assignment  and  of 
alleviatinq  seme  of  the  demand  for  the  spectrum  is  to  move 
to  higher  frequencies  where  there  is  less,  cr  no,  current 
usaqe.  If  systems  can  be  designed  to  utilize  frequencies 
above  10GHz  and  handle  the  propaqaticr.  effects  at  these 
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higher  frequencies,  the  bandwidth  available  for  radio  trans¬ 
mission  will  become  several  times  the  total  of  that  used 
toda  y . 

Cne  must  ccnsiaer  that  at  frequencies  above  10GHz, 
atmospheric  absorption  by  rain  and  fog  as  well  as  the  high 
noise  caused  by  higher  temperatures  make  these  high  frequen¬ 
cies  less  desirable  using  current  technolcoy.  The 
propagation  effects  for  a  spread  spectrum  signal  is  much  the 
same  as  for  any  ether  siana 1,  with  the  exception  that  wide 
bandwidths  employed  sometimes  restrict  system  use  [Ref.  4: 
p.  227].  The  wideband  modulation  that  can  cause  a  system  to- 
be  restricted  in  some  areas  can  be  an  ass“t  in  ether  areas. 
Therefore,  applying  the  correct  spread  spectrum  technique 
ar.d  design  at  these  frequencies  it  may  improve  its  perform¬ 
ance  ever  conventional  systems. 

This  strategy  could  be  implemented  in  an  evolutionary 
manner  as  ar.  outcrov-.h  of  the  first  strategy,  if,  because  of 
their  advantages,  the  number  of  spread  spectrum  systems 
overlaid  in  a  band  drew  as  narrowband  systems  diminished. 
Additionally,  when  advantages  of  spread  spectrum  techniques 
become  mere  widely  recognized,  decisions  could  be  made  to 
implement  spread  spectrum  systems  in  certain  bands  with  code 
assignments,  as  suggested  [Ref.  6:  p.  30]. 

Finally,  the  management  of  frequency  bands  that 
encompass  only  spread  spectrum  systems  could  conceptually  be 
simpler  than  the  management  of  bands  occupied  by 
conventional  narrowband  and  bandwidth  expansion  equipments. 
Once  a  band  has  teen  designated  for  spread  spectrum  use  and 
the  modulation  technique  determined,  the  primary  concern  is 
to  insure  that  the  same  spreading  codes  are  not  being  used 
by  more  than  one  user.  This  could  be  accomplished  through 
careful  code  assignment  techniques  and/or  recordkeepinq 
procedures. 
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D.  RECOMMENDATION 


Two  approaches  have  been  proposed  for  accommodating 
spread  spectrum  systems  in  the  frequency  sDectrum.  One 
approach  is  to  overlay  wideband  spread  spectrum  users  in 
selected  frequency  bands  now  used  for  a  number  of  narrowband 
users  and  to  use  the  frequencies  simultaneously  by  both 
kinds  of  users.  The  second  approach  is  to  establish  certain 
bands  exclusively  for  spread  spectrum  systems  and  to  assign 
orthogonal  codes. 

In  practice,  the  band  sharing  approach  between  SS 
svstems  and  conventional  systems  is  preferred  ever  the 
allocation  of  a  few  specific  bands  for  SS  systems,  tas^d  on 
a  realistic  appraisal  of  the  likelihood  of  obtaining 
international  and  national  acceDtable  frequency  bands. 

Typical  SS  systems  are  not  inherently  compatible  with 
conventional  radio  systems,  that  is,  SS  emissions  are  r.ct 
transparent  to  conventional  receivers.  However,  frequency 
band  sharing  between  SS  systems  and  conventional  systems  is 
possible  in  a  number  of  frequency  ranges  if  SS  system  design 
characteristics  are  properly  controlled. 

The  types  of  SS  systems  least  likely  to  cause  ESC 
problems  are  those  that  introduce  low  duty  cycle 
interference  into  the  conventional  receiver.  The  SS  system 
must  hop  or  pass  through  the  receiver  bandwidth  relatively 
infrequently,  which  means  that  the  SS  system  should  be  a  FH 
and  the  receiver  bandwidth  must  be  quite  narrow  compared 
with  the  SS  bandwidth.  Or.int errupt e i  DS  spread  spectrum 
systems  ar°  not  as  likely  to  be  compatible  in  the  same 
environment  with  narrowband  conventional  systems.  Thus, 
alternate  methods  of  achieving  EMC  with  conventional  systems 
are  to  use  relatively  narrow  bandwidth  SS  systems  and  to 
coordinate  frequency  usage  in  the  usual  manner,  or  to  use 
programmable  FH  systems,  which  car.  avoid  the  conventional 
system  frequencies  in  the  same  aeographical  area. 
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a*  this  tine  from  a 
possibility  of  jammer 
However,  it  may  be 
accommodating  spread 
improves.  Therefore, 
frequency  bands  for  SS 


approach  appears  to  be  less  ce sir a ole 
military  viewpoint  because  of  the 
couc entration  in  the  selected  bands, 
a  feasible  long  term  solution  for 
spectrum  systems  as  technology 
the  concept  of  allocating  dedicated 
systems  use  should  net  be  pursued  a+ 


this  time. 

Thus,  based  cn  a  realistic  appraisal  of  obtaining  inter¬ 
national  and  national  acceptance,  band  sharing  between 
spread  soectrua  systems  and  conventional  systems  is 
preferred,  while  selected  frequency  bands  could  become  an 
outarowch  or  end  result  from  the  first  strategy. 
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71.  CONCLUSION 


Key  to  the  continuing  growth  of  radio  systems  is  the 
availability  of  radio  frequencies  which  can  be  us«d  for 
communications.  Without  available  spectrum,  new  services 
may  be  denied,  cr  forced  to  operate  on  frequencies  already 
assigned.  As  a  result  cf  the  inevitable  increase  in  inter¬ 
ference,  existing  services  may  be  deqraded  and  the  new 
services  will  operate  less  than  satisfactorily. 

The  philosophy  of  spectrum  allocation  has  been  ore  of 
sharing  the  inherent  capacity  of  the  radio  spectrum  among 
users  by  frequency  division.  As  the  number  cf  users 
increased,  methods  were  found  to  reduce  the  necessary  band¬ 
width  so  that  new  users  could  be  accommodated  ir.  th- 
spectrum.  As  the  user  population  continues  to  increase,  it 
can  be  questioned  as  tc  whether  frequency  division  alloca¬ 
tion  can  continue  to  be  the  only  way  cf  allocating  the 
spectrum,  because  this  approach  may  not  always  be  the  most 
efficient  way  of  using  spectrum. 

Many  of  these  difficulties  arise  from  what  is  termed 
administrative  convenience,  which  results  from  the  sheer 
impossibility  of  making  a  proper  EMC  analysis  of  the  impact 
of  *ach  new  request  for  use  of  the  soectrum  on  the  existing 
users.  As  a  result,  assignment  tables  or  rules  based  on 
antiquated  data  are  used  as  a  substitute.  Revision  of  these 
rules  in  the  light  cf  new  knowledge  will  be  a  lengthy  and 
difficult  process  but  hopefully  it  will  be  accomplished. 

Another  successful  approach  is  that  of  increasing  the 
available  spectrum  into  the  higher  frequency  bands  which 
currently  receive  little  use.  Because  of  the  few  users, 
rules  and  regulations  ace  easier  both  to  write  and  get 
accepted  than  ar «  changes  in  existing  rules.  But  the  use  of 
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the  higher  frequencies  is  currently  limited  because  of 
increased  attenuation  caused  by  rain  and  other  forms  of 
precipitation.  More  importantly,  these  higher  frequencies 
are  expensive  to  use  because  equipment  costs  are  much 
greater  than  at  the  intensively  used  low  frequencies. 

Because  of  these  problems  associated  with  use  of  the 
hig her  frequencies,  emphasis  must  be  placed  on  mere  inten¬ 
sive  use  of  the  lower  frequency  bands  for  which  equipment  is 
readily  available  and  which  have  propagation  characteristics 
favorable  to  wide  band  communication  ever  useful  distances. 
The  maicr  problem  is  then  one  of  increasino  the  efficiency 
cf  these  already  intensively  used  bands,  thus  allowing  ever, 
greater  use  than  is  currently  achievable.  Such  increased 
use  implies  that  ultimately  all  channels  will  have  tc  be 
shared  between  users.  As  a  result,  the  performance  of 
individual  systems  will  be  determined  by  interference  from 
other  users  sharrnc  the  same  channel. 


Since  the 

needs  cf  the  military 

for 

new  tsiecomiuri 

co¬ 

tion  services 

is  increasing  faster  t 

h  a  r. 

t  he?1^  services 

ca  n 

be  Drevided, 

technology  can  help  stem 

the 

tic*  by  better 

of  the  available  spectrum.  The  application  of  spread  spec¬ 
trum  principles  is  one  such  way.  Because  cf  its 
technological  characteristics  S3  systems  offer  significant 
advantages  to  users,  while  at  the  same  time,  they  improve 
overall  spectrum  use.  For  the  user,  a  SS  system  car.  ve  used 
tc  reject  narrowband  interference  and  lo  permit  operations 
in  areas  where  signal  congestion  would  make  co mmunicat ion 
using  conventional  systems  impossible.  At  the  same  time,  if 
the  SS  signal  is  used  intermittently  and  if  it  is  below  the 
noise  threshold  of  the  narrowband  receiver,  it  will  not 
interfere  with  the  narrowband  user.  Spread  spectrum  is 
clearly  r.ct  the  best  answer  to  all  problems  in  all  circum¬ 
stances,  but  in  the  critical  and  rapidly  changing  field  of 
high  density  com  minicaticr.s ,  it  may  prove  to  be  the  best  or 
possibly  the  only  answer. 
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This  technological  development  can  or.iy  be  helpful  if  it 
is  controlled  by  reasonable  regulations  which  guide  rather 
than  hinder  its  usage.  Spectrum  managers  just  initiate 
these  regulations  which  are  necessary  to  insure  orderly  use 
of  the  spectrum,  but  this  technological  development  should 
rot  be  arbitrarily  retarded  by  hasty  regulation  action. 
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